tional alignment of the views to calculate a 3D reconstruction, called the tomogram, of the imaged sample; and (iv) computational averaging of repeating structures in the tomogram to reduce noise and increase resolution. Cryo-ET provided the necessary resolution to show that the B-tubules of doublet microtubules are composed of 10 protofilaments, rather than 11, and that the inner and outer junctions between the A-and B-tubules are fundamentally different (Fig. P1) . The outer junction, crucial for the initial formation of the doublet microtubule, appears to be formed by interactions among the tubulin subunits of three protofilaments with unusual tubulin interfaces, but one of these protofilaments does not fit with the conventionally accepted orientation for tubulin protofilaments. This outer junction is important physiologically, as shown by mutations affecting the usual pattern of chemical (posttranslational) modifications of tubulin (3) . In contrast, the inner junction is not formed by direct interactions among tubulin protofilaments. Instead, a ladder-like structure that is clearly thinner than tubulin connects protofilaments of the A-and Btubules (Fig. P1) . The recently discovered microtubule inner proteins (MIPs) on the inside of the A-and B-tubules ( Fig. P1 ) are more complex than previously thought. MIP1 and MIP2 are both composed of alternating small and large subunits recurring every 16 and/or 48 nm along the inner A-tubule wall. We found that MIP3 forms small protein arches connecting the two B-tubule protofilaments closest to the inner junction but does not form the inner junction itself. MIP4 is associated with the inner surface of the A-tubule along the partition protofilaments (i.e., the 5 protofilaments of the A-tubule bounded by the 2 junctions with the B-tubule). Finally, we observed another structure called "beak-MIP" that is present within a specific subset of B-tubules of Chlamydomonas doublet microtubules and is composed of a longitudinal band of proteins repeating every 16 nm.
These structural findings are highly relevant to ongoing genetic and biochemical studies focused on understanding the mechanisms of assembly and motility of cilia and flagella, their roles in signal transduction, and their roles in various diseases and developmental disorders (4). The present cryo-ET results clearly demonstrate that there are 10 protofilaments in the Btubule, revealing a high degree of conservation in the funda- (1-13) , B t protofilaments (1-10), and inner and outer dynein arms (IDA, ODA). In C, the crystal structures of the α/β-tubulin dimer were placed onto the electron density map of the doublet microtubule protofilaments. (Scale bars: A, 10 nm; C, 5 nm.) mental structure of flagella. This is important because the Btubule provides the track for the dynein motors that drive ciliary and flagellar motility. The image resolution is sufficient to reveal evidence for both a nontubulin inner AB-junction and unique tubulin protofilament interactions at the trimeric outer ABjunction, both of which are physiologically important for B-tubule assembly. Finally, the detailed observations on the various MIPs provide a new avenue for the exploration of these evolutionarily conserved and critical structural components.
The high degree of conservation in flagellar structure, as demonstrated in this study, is evidence of the importance of these structures in eukaryotic form and function. Indeed, mutations affecting the posttranslational modification of tubulin disrupt the formation or closure of the outer junction (3), and mutations in the gene encoding a G protein disrupt a specific signaling pathway in mice, leading to multiple embryonic developmental defects and failure to form the inner AB-junctions (5). The structural findings described here, together with previously published biochemical and genetic data, provide a solid foundation for future work on the molecular assembly and stability of the doublet microtubule and axoneme, and they should advance our understanding of the molecular mechanisms of ciliary and flagellar motility and signal transduction in normal and disease states.
